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1.  Introduction 


The  Army  Research  Laboratory  (ARL)  is  participating  in  the  Defense  Advanced  Research 
Projects  Agency  (DARPA)  Wide  Bandgap  Semiconductor  Initiative  (WBSCI)  as  part  of  the  tri¬ 
service  evaluation  team.  The  ARL  role  during  phase  two  of  this  program  is  to  measure  and 
report  on  the  performance  of  the  high  frequency  power  amplifier  transistor  being  developed  by 
Northrop  Grumman.  The  frequency  at  which  the  power  amplifier  is  being  evaluated  is  40  GHz. 
The  high  frequency  at  which  the  devices  are  being  evaluated  creates  a  number  of  problems. 

A  microwave  engineer  working  on  components  at  these  frequencies  with  standard  Vector 
Network  Analyzers  (VNA)  and  radio  frequency  (RF)  power  equipment  must  have  an 
understanding  of  the  calibration  and  verification  process  in  order  to  be  aware  of  the  factors  that 
would  lead  to  erroneous  measurements.  At  the  higher  frequencies  the  system  becomes 
increasingly  sensitive  to  mechanical  deformation.  Often  measurements  that  appear  valid  could 
in  fact  be  inaccurate.  Frequently  discrepancies  will  arise  in  the  data  being  measured  at  separate 
locations.  When  representing  this  data  to  a  supported  customer,  an  engineer  must  be  able  to 
speak  intelligently  about  the  calibration,  verification,  and  measurement  process  to  establish 
confidence  in  the  measurement  results.  In  this  document,  the  calibration  and  verification 
procedure  developed  at  ARL  in  support  of  the  WBSCI  will  be  discussed.  It  begins  with  the 
underlying  theory  behind  the  calculations  and  then  describes  the  actual  calibration  techniques. 
The  verification  techniques  are  also  described.  Included  in  this  discussion  are  the  criteria  upon 
which  a  calibration  would  be  accepted  or  rejected. 


2.  Theory 


There  are  a  number  of  methods  used  to  characterize  a  microwave  system.  Some  of  the  most 
ubiquitous  parameters  that  describe  a  two  port  microwave  system  are  the  so  called  S-parameters. 
A  discussion  of  S-parameters  is  beyond  the  scope  of  this  document.  If  the  reader  requires  a 
greater  understanding  of  S-parameters,  refer  to  the  text  by  Pozar  (1). 

In  order  to  determine  the  performance  of  a  device,  it  is  necessary  to  have  a  method  to  use 
measurements  on  the  ports  of  the  VNA  to  describe  the  RF  state  at  the  device-under- test  (DUT). 
Typically,  components  are  modeled  as  matrix  blocks  and  de-embedded  to  the  desired  reference 
plane.  There  is  an  input  block  and  an  output  block.  It  is  a  non-trivial  exercise  to  determine  the 
S-parameters  of  these  blocks,  though  a  number  of  techniques  exist  to  do  so.  The  one  described 
in  this  document  is  the  Thru  Reflect  Line  (TRL)  technique.  The  VNA  has  built  in  software  that 
allows  the  use  of  a  calibration  kit  to  de-embed  the  measurements  to  the  tips  of  the  cable.  The 
Focus  software  has  an  algorithm  to  de-embed  the  measurements  to  the  probe  tips  using  an  on 
wafer  calibration  standard.  Both  Focus  and  Agilent  allow  for  TRL  calibration. 
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2.1  Thru  Reflect  Line  (TRL) 


The  TRL  is  a  well  known  ealibration  teehnique.  It  is  ineluded  here  for  eompleteness,  and 
beeause  often  when  eneountered  in  literature  or  publieations  it  is  incorreetly  explained  or 
eontains  an  error.  The  TRL  ealibration  requires  four  measurements  and  produees  two  S- 
parameter  bloeks,  one  for  eaeh  of  the  bloeks  on  the  two  ports  of  the  measurement  system.  Figure 
1  is  a  graphie  representation  of  the  system. 


£ 

z 

_ _ _ ■■■■  ... 

DUT 


Figure  1 .  Block  diagram  of  TRL  calibration  system. 

The  four  measurements  are  taken  from  well  know  standards.  Measurements  are 

1 .  thru  line 

2.  delay  line 

3 .  short  eireuit  measurement  on  port  1 

4.  short  eireuit  measurement  on  port  2 

To  mathematieally  manipulate  the  bloeks  they  must  be  eonverted  from  S-parameters,  whieh 
eontain  information  in  an  easily  readable  format,  to  matriees  whieh  ean  be  easeaded  using 
standard  matrix  algebra.  There  are  several  eommon  used  matriees  like  this  used  in  mierowave 
engineering.  The  one  best  suited  for  our  purposes  is  the  T-matrix. 

The  equations 

Tn=^  (la) 

^21 

T,2=-f^  (lb) 

^21 


2 


(Ic) 


(Id) 

^21 

During  our  derivation  we  will  be  making  use  of  T-matrices  and  S-matriees. 

We  assume  our  ealibration  standards  have  the  following  S-parameters 

Sthru-^1  0 

0  e‘^^ 

e'"'  0  ^ 


The  short  eireuits  have  a  reflection  coefficient  of-1.  Using  equations  la  through  Id  we  can 
calculated  the  T-matrices  for  the  thru  and  the  delay  line. 

fl  0^ 

T 

^  THRU  ^  1 

V 


We  are  trying  to  determine  the  modeling  parameters  for  the  input  and  output  blocks.  We  have 
the  theoretical  values  for  the  calibration  standards  and  measured  values  for  these  standards 
cascaded  with  the  input  and  output  blocks.  Our  notation  for  these  will  be  A  and  B  for  the  input 
and  output  blocks,  respectively,  and  ML  for  the  measured  delay  line  and  MT  for  the  measured 
thru. 

Therefore, 

_  _ 

^MT  ^A^THRU^B 

since  the  thru  T-matrix  is  the  identity  matrix. 

Likewise  the  delay  line  equation  can  be  represented  by 

Tml  =  TaTlineTb  (3) 

Solving  for  the  output  block  transfer  matrix  using  equation  2  we  get 

T  =T  'T  td') 

^B  ^A  ^MT 
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If  we  substitute  for  Tb  in  equation  3,  we  derive  the  following  equation 


whieh  ean  be  written  as 


and 


^ML  T|y[^ 


r-pi  r-pi  1  r-pi  r-pi  r-pi  ”1 

-*^ML-*^MT  “  -*^LINE 


(5) 


We  will  use  the  following  notation  for  the  produet  of  the  measured  line  matrix  and  the  inverse  of 
the  measured  thru. 


This  substitution  in  equation  5  gives 


which  can  be  written  as 


^ML^MT  ~  ^LT 


^  LT  ^  A  ^  A  ^  LINE 


T  T 

^LTll  ^LT12 

T  T 

V-^LT21  ^LT22y 


T  T 

-‘All 


A12 

T  T 

V-‘A21  -‘A22y 


T  T 

-‘ah  ‘ai2 

T  T 

V‘A21  ‘A22y 


e"'^  0 

0  e'"' 


(6) 


written  in  equation  form 


TlthTaH  +Tlt12Tai2  ~  T^ll^ 


Tlt2iTa11  +Tlj22Ta21  —  T^21^ 


■W 


W 


T  T  -h  T  T  =  T 

-^LT11-^A12  ^  -^LT12-*-A22  -^A12^ 


Tlt2iTa12  +  TlT22Ta22  ~  ^^22^ 


W 


(7a) 

(7b) 

(7c) 

(7d) 


Equation  7a  divided  by  7b  can  be  written  as 

/  \  2 

T 

-^All 


^LT21 


V  '^A21  J 


T 

j-fj  _T  )  All  _  J  A 

^V-^LT22  -^LTll/rr^  -^LT12  ^ 


"A21 


(8a) 


Equation  7c  divided  by  7d  can  be  written  as 


^LT21 


^A12 

V  '^A22  y 


+  (Tlt22  Tljh); 


:^_T  =  0 

p  ‘lT12  “ 

^A22 


(8b) 
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Upon  inspection  we  see  that  the  coefficients  are  the  same.  However,  we  know  that  the  two 
variable  terms  are  uniquely  defined.  Quadratic  equations  have  two  solutions.  From  these  facts 
we  can  determine  that  one  of  the  solutions  to  the  quadratic  equation  is 


f 


V 


^A12 


^A22  J 


and  the  other  is 


^All 

V  "*"a21  J 


From  equation  1  we  can  determine  that 


S 


All  “ 


(9) 


Likewise  substitution  allows  us  to  determine  that 


Sa12Sa21 


’Kll 


(10) 


We  expect  that  our  blocks  will  be  designed  primarily  to  facilitate  transmission  of  power  to  the 
DUX.  From  this  it  follows  that  Sal  1  will  be  much  smaller  than  Sal2  and  Sa21.  Using  this 
principle  we  can  consistently  assign  the  smaller  magnitude  quadratic  root  of  equation  8a  and  8b 
to  be  the  Sal  1  term  while  the  larger  magnitude  quadratic  root  is  shown  in  equation  10. 


Therefore,  the  difference  of  the  roots  can  be  written  as 


‘A12 


‘A22 


^All  _  Q  _ 
p  “‘^All 

U2I 


f  s  s  ^ 

C  "^A12"^A21 

‘^All 


^A22  ) 


s  s 

"^A12"^A21 


-’A22 


(11) 


A  similar  derivation  can  be  used  to  isolate  the  parameters  of  the  output  block. 

To  begin,  we  start  with  equations  2  and  3,  and  isolate  Tb  instead  of  Ta 

1"mT  “  1"a1"tHRu1"b  “  1"a1"b 

rrn  rrn  1 

^  A  “  ^  MT  ^  B 

Substituting  into  equation  3 

T  =  T  T  T 

^ML  ^A^LINE^B 

T  =T  T‘T  T  tl2f 

-^ML  -^MT-^B  -^LINE-^B 

r-pi  •  1  r-pi  r-pi  "Ir-pi  r-pi 

-*^MT  -*^ML  “  -*^B  -*^LINE-*^B 


Writing  the  left  hand  side  as 


^MT 


't  -  T 

^ML  ^TL 
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^TL  Tg  Tj^ine^b 

T  T  =  T  T 

^B^TL  ^LINE^B 


in  matrix  form 


T  T 

^Bll  ^B12 

T  T 

V  B21  ^B22y 


T  T 

^TLll  ^ 


TL12 

T  T 

V  TL21  ^TL22y 


0 

vO  e'% 


T  T 

^Bll  ^B12 

T  T 

V  B21  ^B22y 


expanding  into  equations 


TtlIiTbh  +Ti-l2iTb12  —  TgjjO 


-w 


Ttl12Tb11  +Txl22Tb12  “ 


-W 


Ttl1iTb21  +Txl2iTb22  “ 


iff 


Ttl12Tb21  +  Txl22Tb22  “  ^322^ 


id 


Putting  this  into  quadratie  form  yields  the  equations  below. 


^TL12 


^Bll 

v^Boy 


+  (Ttl22  Txlji); 


-BII-T  =  0 

p  ^TL21 

^B12 


‘TL12 


^B21 

T 

V  B22  y 


■*"(TtL22 


-^-T  =0 

p  ^TL21  ^ 

^B22 


Solving  we  get 


Sb22  “ 


^B21 


"B22 


which  is  the  root  that  should  have  the  smaller  magnitude. 
The  root  with  the  larger  magnitude  is 


T  S  S 

-^Bll  _  c  I  ^B21  ^B12 

rr^  “  ^B22  o 


"B12 


■"Bll 


the  difference  between  the  two  is 


T  T  S  S  S  S 

-^Bll  -^B21  _  c  I  ^B21  ^B12  .  c  _  ^B21  ^B12 
“  ^B22  o  ^B22  “  o 


T  T 

-^B12  -^B22 


Sbu 


-’Bll 


(13) 


(14) 


Now  we  will  use  this  information  along  with  the  measured  values  for  the  refleetions  to  determine 
the  rest  of  the  S  parameters. 
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A  well  known  one  port  reflection  equation  is  shown  below 


^mA  “  [  + 


s  s  r 

"^A21  "^A12^  R 


1-S 


A22 


(15) 


The  left  side  of  the  equation  is  the  measured  value  of  port  one  when  the  probes  are  on  the 
reflection  standard.  Tr  is  the  nominal  reflection  coefficient.  In  this  technique,  the  reflection 
coefficient  (Tr)  is  not  assumed  to  be  known,  but  rather  it  is  isolated  and  eliminated.  As  a  check, 
when  the  S-parameters  are  known,  the  predicted  value  for  the  reflection  coefficient  can  be 
inserted  into  the  equation  to  verify  that  both  sides  of  equation  15  are  equal. 

If  we  solve  for  the  reflection  coefficient  and  substitute  for  the  know  values  already  determined 
we  get 

T 

^  rj-,  ^  MA 

rR=^4^^^ -  (16) 

^A22  All  _-p 

ry  MA 

-^A21 


We  will  do  the  same  for  our  port  two  equations. 


r  -S  -r 

MB  '^A22  ^ 


s  s  r 

*^821  *^812-*-  R 


1-S 


Bll 


(17) 


can  be  turned  into 


IS  +r 

p  ^  '^B22  ^  ^  MA 

o  T 

A  D 


Bll  _|_p 


MA 


^B12 


(18) 


Setting  equations  15  and  17  equal  to  each  other  we  get 


T 

Tmi  +  t 

Q  y  '-p  MA 

C  _C  ^All“-*-MA  -*^812 
^A22-^Bllj  y 

All  _  -p  ^B22  MA 

ry  MA 

-^A21 


(19) 


All  of  these  values  are  known  except  for  Sa22  and  Sbl  1 .  We  can  use  our  measurement  for  the 
reflection  on  the  thru  measurement  to  get  another  equation  relating  Sa22  and  Sbl  1. 


S 


A22 


1  s^„-r, 


MAT 


^Bll  ^All  Y 

\, 


^A21 


(20) 
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Where 


r  -  s 

^  MAT  THRU  11 

Sthruii  is  the  port  1  refection  S  parameter  of  the  Thru  measurement;  or  to  put  it  differently,  it  is 
the  Sii  of  the  Thru  measurement. 

Plugging  equations  18  into  19,  we  get. 


T 

^Bll 

S  -F  T 

c  _  '^All  MA  ^B12 
‘^A22  ^ 


+r, 


MA 


S  -F 

‘^All 


‘All 


_  r  ^B22  +  TmA  "^All  _  -p 

rj,  MA  T 

tA21  tA21 


(21) 


The  sign  of  Sa22  can  be  determined  by  inserting  determined  values  into  equation  15  and  ensure 
that  the  equation  balances  when  the  reflection  coefficient  is  the  predicted  value. 

With  Sa22  known,  we  can  determine  Sbl  1  from  equation  19. 


Using  Sa22  and  Sbl  1  with  our  previously  know  data,  the  remaining,  unknown  S-parameters  can 
be  extracted  from  equations  1 1  and  14  when  written  as  shown  below.  It  is  impossible  to 
mathematically  isolate  the  transfer  terms  (S12  and  S21). 


Sa12Sa21  “ 


f  y  A 

C  ^All 

“^All 


‘A21  ) 


Sb12Sb21  “ 


T 

^Bll 

T 

V  B12 


-s 


B22 


’Kll 


Sbii 


(22) 

(23) 


With  the  four  S-parameters  of  the  input  and  output  blocks,  we  can  calculate  T-matrices  that  can 
be  de-embedded  from  our  measurements  to  determine  performance  of  the  DUT. 

Understanding  the  calculations  that  go  into  the  derivations  of  the  input  and  output  blocks  in  the 
TRL  calculation  allows  the  engineer  to  determine  when  these  calculations  become  inaccurate. 

2,2  GT  Calc 

The  method  of  verifying  our  calibration  involves  measuring  the  gain  of  our  system  with  the 
probes  landed  on  a  thru  line  while  the  tuners  are  swept  through  a  load  pull  and  a  source  pull. 
The  measured  gain  at  every  point  is  compared  to  the  calculated  gain.  In  this  section  the 
technique  for  calculating  gain  is  described. 
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The  transducer  gain  of  an  arbitrary  DUT  can  be  written  as: 


l-ITsl"  ,2 

(N 

ii_r  p  |2 1  21 1  1 

1  IN-*-  S  1  1 

(24) 


Of  key  interest  is  the  notation  used  in  this  equation.  The  notations  S  and  L  refer  respectively  to 
the  source  and  load  plane  as  seen  by  the  DUT.  S-parameters  are  the  S-parameters  of  the  DUT. 
The  term  Tjj^  is  the  input  reflection  coefficient  of  the  DUT.  The  equation  of  which  is  shown 

below: 


S  S  F 

p  _  C  I  L 

T- 

^  ^22^  L 


(25) 


For  the  verification,  the  DUT  is  a  thru.  The  S-parameters  for  a  thru,  as  previously  mentioned, 
are  shown  below. 


S 


THRU 


"0  r 

vl  Oy 


(26) 


Filling  these  values  into  equation  25,  this  equation  simplifies  to 


r  =r 

IN  L 


(27) 


and  equation  24  simplifies  to 


(i-|rj^)(i-|rj^) 


(28) 


which  is  the  equation  we  use  for  our  calculated  Gt.  This  is  the  equation  we  will  use  when 
discussing  our  load  pull  verification. 


3.  Calibration 


The  high  frequency  load  pull  system  used  by  ARL  in  support  of  the  WBSCI  uses  the  Focus 
Microwaves  Winpower  software  as  well  as  Focus  Microwaves  tuners. 

3.1  Passive  Blocks 

The  Focus  Software  operates  in  an  intuitive  straight  forward  manner.  The  S-parameters  of 
different  blocks  are  measured  on  the  VNA.  These  are  then  converted  into  transfer  matrices  and 
cascaded.  In  figure  2,  the  power  is  measured  at  the  input  through  a  coupler  and  at  the  output. 
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Figure  2.  Block  diagram  for  the  power  measurement  system. 

The  following  S-parameter  measurements  are  taken; 

1)  The  input  bloek.  This  is  a  measurement  of  the  filter,  eoupler,  and  isolator. 

2)  The  input  eoupler.  In  this  measurement,  port  1  is  in  the  same  loeation  as  that  of  the  input 
bloek.  Port  2  is  eonneeted  to  the  eoupled  port  of  the  eoupler.  By  eomparing  this  measurement 
with  the  previous  one,  the  Foeus  software  ean  use  a  measurement  on  the  input  power  meter  to 
determine  the  power  ineident  on  the  bias  T  and  tuner. 

3)  The  output  bloek.  This  measurement  eonsists  of  the  output  eoupler  and  attenuators.  It  is  the 
sum  of  all  elements  between  the  output  bias  T  and  the  power  meter.  By  using  this  bloek,  the 
software  ean  determine  the  power  leaving  the  tuner  and  bias  T,  given  the  power  at  the  output 
power  meter. 

When  making  measurements,  it  is  important  to  try  to  get  the  eonfiguration  of  the  passive 
elements  as  elose  as  possible  to  that  of  the  system  in  operation.  At  high  frequeney,  the 
S-parameters  are  very  sensitive  to  slight  geometrie  deformation.  Flexible  eable  should  be  in  the 
eonfiguration  that  will  be  used  during  power  measurements.  Semi-rigid  eables  and  waveguides 
should  avoid  being  stressed  in  a  manner  different  from  system  operation.  The  power  meter 
should  remain  eonneeted  during  the  input  bloek  S-parameter  measurement,  and  the  port  2  of  the 
input  bloek  should  be  eonneeted  to  the  bias  T  during  the  input  eoupler  measurement. 

With  these  measurements,  we  ean  determine  the  power  ineident  upon  and  leaving  from  the  bias 
Ts  at  eaeh  side  of  the  tuners. 

3.2  Tuner  Calibration 

Tuner  ealibration  is  also  eontrolled  by  the  Foeus  software.  Figure  1,  shown  previously  in  the 
report,  shows  the  layout  of  the  setup  for  the  ealibration  of  the  tuners.  This  is  identieal  to  the 
setup  for  the  TRL  ealibration.  For  a  tuner  ealibration,  the  DUT  is  a  thru. 

The  tuners  sweep  through  a  range  of  refleetion  eoeffieients  by  inserting  a  metal  probe  into  an  air 
line  and  moving  the  probe  different  distanees  from  the  DUT.  At  eaeh  position  of  the  tuner,  the 
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S-parameters  of  that  block  are  measure.  This  is  accomplished  through  a  simple  de-embedding 
calculation.  The  tuner  not  being  measured  is  moved  to  its  initialization  configuration.  This 
configuration  corresponds  to  the  S-parameter  block  measured  in  the  TRL  calibration.  With  the 
opposite  block  in  a  well  known  state,  the  S-parameters  of  each  tuner  configuration  can  be 
calculated  by  measuring  the  total  S-parameters  in  each  configuration  and  de-embedding  the 
known  values. 

3.3  Verification 

No  calibration  is  complete  until  it  has  been  verified.  There  are  several  important  criteria  for  a 
verification  test.  The  system  must  be  as  close  as  possible  to  the  final  state  of  operation.  Ideally, 
it  should  be  in  the  state  that  will  be  used  during  the  measurement.  A  second  criterion  for  a 
verification  test  is  that  the  test  should  compare  a  predicted  value  with  a  measured  value.  If  the 
system  is  to  be  operated  in  a  range  of  conditions,  then  the  verification  should  be  made  over  a 
range  of  conditions  with  the  statisties  of  these  measurements  analyzed.  Also,  the  eriteria  for  the 
success  or  failure  of  the  verification  should  be  known  and  stated  ahead  of  time.  Without  stated 
success  criteria,  it  is  easy  for  an  engineer  to  decide  that  the  verification  is  close  enough  or  good 
enough.  Precisely  articulated  criteria  for  a  valid  verification  ensure  that  measurement  system’s 
tolerances  for  accuracy  do  not  degrade  over  time,  and  that  as  anomalies  begin  to  arise  they  are 
routinely  isolated  and  dealt  with. 

3.4  Load/Source  Pull 

The  Load/Source  Pull  measurement  is  designed  to  accomplish  two  tasks:  determine  the  error 
correction  factors  and  verify  the  tuner  calibration  by  establishing  a  figure  of  merit  for  the 
load/source  pull  sweep.  The  procedure  for  the  Load/Source  Pull  verification  is  very  similar  to 
that  of  the  tuner  calibration.  The  power  measurement  system  is  assembled  into  its  operational 
configuration.  The  tuners  are  moved  into  their  initialization  position.  A  Load  Pull  or  Source 
Pull  is  performed  with  the  opposite  tuner  in  the  initialized  position.  This  data  is  recorded  into  a 
file.  The  predicted  transducer  gain  is  calculated  for  each  tuner  position  and  is  compared  to  the 
measured  data  by  a  computer  program.  The  difference  between  the  calculated  and  measured 
transducer  gain  is  called  delta  GT  and  serves  as  our  metric  for  the  validity  of  the  calibration.  The 
mean  of  the  delta  GT  values  is  used  to  determine  the  error  correction  factors  for  the  system.  The 
variance  of  the  delta  GTs  is  used  as  verification  for  the  system  and  the  error  correction  factors. 
With  the  corrections  applied,  the  mean  delta  GT  of  each  tuner  must  be  less  than  a  tenth  of  a  dB 
for  the  verification  to  be  valid.  Typical  values  range  from  0.05  to  0.09  dB.  The  variance  of  the 
delta  GT  is  the  metric  for  the  verification  of  each  tuner.  The  variance  must  be  less  than  .15  dB. 
Typical  values  range  from  0.08  to  0.12  dB.  Appendix  A  shows  the  load  pull  file  and  the  delta  Gt 
calculation  file. 
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3,5  Power  Sweep 


The  theory  behind  S-parameters  requires  that  the  system  be  linear.  Unfortunately,  the  universe  is 
highly  non-linear.  There  is  a  finite  range  over  whieh  the  tuners  will  perform  in  a  linear  manner. 
The  souree  of  the  nonlinearity  is  beyond  the  seope  of  this  paper.  The  nonlinearities  may  be  due 
to  the  noise  or  some  struetural  faetor.  Nonlinear  effeets  beeome  more  pronouneed  at  higher 
gammas  when  the  tuning  probe  is  greatly  perturbing  the  air  waveguide. 

The  validity  of  a  tuner  point  for  measuring  power  sweeps  ean  be  determined  by  examining  the 
range  over  whieh  the  power  sweep  at  that  point  is  linear.  The  tuner  eondition  for  this  verifieation 
has  one  tuner  in  the  eonfiguration  to  be  tested  while  the  other  is  in  the  initial  position.  A  power 
sweep  is  performed  in  this  eonfiguration.  The  eriterion  for  sueeess  is  that  over  the  range  to  be 
measured,  the  peak  to  peak  value  is  less  than  0.2  dB  and  at  high  power  the  delta  GT  is  less  than 
0.2  dB.  These  values  are  usually  very  easy  to  attain,  and  results  are  usually  well  within 
toleranees.  This  measurement  ean  be  used  to  determine  the  range  over  whieh  a  power  sweep  is 
valid  in  addition  to  determining  the  validity  of  the  measurement  itself  Appendix  B  eontains  a 
power  sweep  of  a  point  on  the  Smith  ehart  used  to  evaluate  the  ealibration. 

3,6  Conclusion 

When  performing  measurements  on  a  mierowave  deviee  or  system,  it  is  not  suffieient  to  merely 
eolleet  data.  An  engineer  needs  a  fundamental  theory  behind  the  measurements  being  performed 
and  an  understanding  of  how  all  of  the  measured  values  are  derived.  In  this  doeument,  the 
derivations  of  fundamental  ealeulations  have  been  diseussed.  Where  these  derivations  are 
integrated  into  the  ealibration  of  the  tuner  system  has  been  outlined.  The  verifieation  methods 
for  our  system  have  been  defined. 

Determining  the  veraeity  of  the  data  of  a  system  is  almost  as  important  as  the  data  itself.  If  an 
engineer  eannot  artieulate  why  the  data  is  aeeurate  or  the  degree  to  whieh  it  is  believed  to  be 
aeeurate  the  engineer  will  be  unable  to  defend  the  measurements  if  questioned.  This  doeument 
should  serve  as  a  basie  primer  for  this  knowledge  as  it  applies  to  our  high  frequeney  test 
eonfiguration. 


12 


References 


1 .  Pozar,  D.  M.,  Microwave  Engineering  (Second  Edition),  Wiley,  1997. 

2.  Edwards,  M.  E.,  Microwave  and  RF  Circuit,  Eecture  notes,  1996. 

3.  Gonzoles,  G.,  Microwave  Transistor  Amplifiers,  Prentice-Hall,  Inc.,  New  Jersey,  1984. 

4.  Eocus  Microwaves,  Application  Note  48,  Eocus  Microwaves,  Inc.,  2001. 


13 


Intentionally  Left  Blank 


14 


Appendix  A.  Sample  Source  Pull  File 


Sample  Source  Pull  File  SOURCE_PULL_JUN21.LPD 

!  Source  Pull  Measurement  Data 


!  File  =  C:\FOCUS\DATA\NOHARM\VERIFY\SOURCE_PULL_JUN21.LPD 
!  Date  =  Wed  Jun  21  13:48:44  2006 


Comment  = 

Frequency  =  40.0000  GHz 

Char . Impedances  =  Source:  50.00  Ohm,  Load:  50.00  Ohm 

Load  Impedance  =  22.42  +j  17.34  Ohm 

Input  Power  =  29.80  dBm 

GAMiyiA_LD  =  Gllfo=0 . 438<134 . 4  (deg) 

IMPED_LD  =  Zllfo=22 . 42+j 17 . 34 

Setup:  20-40GHZ_NG_SETUP.SET,  DUT  REF. 

PreMatch : 

Impedance 


Point 

R 

jx 

Pin [dBm] 

Gain [dB] 

GL  m[unit] 

GL  p[deg] 

GS  m[unit]  GS 

_p  [deg] 

001 

17  . 

.86 

2  . 

.90 

29. 

.80 

-2 

,02 

0 

,438 

134 

,38 

0 

,475 

172 

,40 

002 

17  . 

.65 

4  . 

.64 

29. 

.75 

-2 

,23 

0 

,438 

134 

,38 

0 

,482 

167 

,92 

003 

16. 

.47 

2  . 

.99 

29. 

.56 

-2 

,20 

0 

,438 

134 

,38 

0 

,506 

172 

,34 

004 

17  . 

.41 

6. 

.63 

29. 

.59 

-2 

,37 

0 

,438 

134 

,38 

0 

,491 

162 

,89 

005 

17  . 

.37 

6. 

.61 

29. 

.62 

-2 

,40 

0 

,438 

134 

,38 

0 

,492 

162 

,95 

006 

15. 

.85 

1 . 

.11 

29. 

.41 

-2 

,11 

0 

,438 

134 

,38 

0 

,519 

177 

,  17 

007 

23. 

.76 

3. 

.83 

30. 

.29 

-1 

,75 

0 

,438 

134 

,38 

0 

,359 

168 

,74 

008 

18. 

.13 

-1 . 

.85 

29. 

.78 

-1 

,68 

0 

,438 

134 

,38 

0 

,468 

184 

CO 

CO 

009 

14  . 

.04 

2  . 

.40 

28. 

.92 

-2 

,49 

0 

,438 

134 

,38 

0 

,562 

174 

,03 

010 

15. 

.67 

7  . 

.51 

29. 

.20 

-2 

,73 

0 

,438 

134 

,38 

0 

,532 

161 

,13 

Oil 

17  . 

.10 

8. 

.44 

29. 

.43 

-2 

,60 

0 

,438 

134 

,38 

0 

,502 

158 

,45 

012 

16. 

.55 

10. 

.18 

29. 

.19 

-2 

CO 

CO 

0 

,438 

134 

,38 

0 

,519 

154 

,39 

013 

16. 

.39 

10. 

.08 

29. 

.23 

-2 

,91 

0 

,438 

134 

,38 

0 

,522 

154 

,68 

014 

13. 

.10 

5. 

.58 

28. 

.47 

-2 

,94 

0 

,438 

134 

,38 

0 

,589 

166 

,35 

015 

13. 

.53 

0. 

.37 

28. 

.82 

-2 

,39 

0 

,438 

134 

,38 

0 

,574 

179 

,10 

016 

18. 

.30 

-3. 

.83 

29. 

.76 

-1 

,54 

0 

,438 

134 

,38 

0 

,467 

190 

,09 

017 

26. 

.35 

1 . 

.18 

30. 

.44 

-1 

,49 

0 

,438 

134 

,38 

0 

,310 

176 

,26 

018 

22  . 

.40 

13. 

.34 

29. 

.87 

-2 

,55 

0 

,438 

134 

,38 

0 

,416 

143 

,76 

019 

30. 

.43 

3. 

.85 

30. 

.50 

-1 

,64 

0 

,438 

134 

,38 

0 

,248 

166 

,15 

020 

23. 

.06 

-6. 

.  17 

30. 

.10 

-1 

,20 

0 

,438 

134 

,38 

0 

,377 

197 

,73 

021 

15. 

.28 

-4  . 

.  17 

29. 

.15 

-1 

,84 

0 

,438 

134 

,38 

0 

,535 

190 

,49 

022 

12  . 

.37 

0. 

.53 

28. 

.27 

-2 

,65 

0 

,438 

134 

,38 

0 

,603 

178 

,71 

023 

12  . 

.06 

5. 

.22 

27  . 

.94 

-3 

,  14 

0 

,438 

134 

,38 

0 

,615 

167 

,37 

024 

13. 

.78 

9. 

.73 

28. 

.46 

-3 

,23 

0 

,438 

134 

,38 

0 

,581 

156 

,29 

025 

16. 

.01 

11 . 

.98 

29. 

.00 

-3 

,  12 

0 

,438 

134 

,38 

0 

,537 

150 

,31 

026 

15. 

.44 

13. 

.68 

28. 

.61 

-3 

,40 

0 

,438 

134 

,38 

0 

,556 

146 

,61 

027 

15. 

.  12 

13. 

.37 

28. 

.54 

-3 

,40 

0 

,438 

134 

,38 

0 

,562 

147 

,43 

028 

12  . 

.02 

8. 

.97 

27  . 

.66 

-3 

,47 

0 

,438 

134 

,38 

0 

,623 

158 

,48 

029 

11 . 

.10 

4  . 

.42 

27  . 

.29 

-3 

,26 

0 

,438 

134 

,38 

0 

,639 

169 

,37 

030 

11 . 

.56 

-0. 

.10 

27  . 

.69 

-2 

,64 

0 

,438 

134 

,38 

0 

,625 

180 

,25 

031 

13. 

.86 

-4  . 

.93 

28. 

.67 

-1 

,84 

0 

,438 

134 

,38 

0 

,569 

192 

,18 

032 

20. 

.59 

-9. 

.23 

29. 

.84 

-1 

,11 

0 

,438 

134 

,38 

0 

,433 

204 

,86 

033 

32. 

.89 

-4  . 

.06 

30. 

.48 

-1 

,  17 

0 

,438 

134 

,38 

0 

,212 

196 

,13 

034 

31. 

.27 

12  . 

.75 

30. 

.30 

-2 

,  12 

0 

,438 

134 

,38 

0 

,275 

136 

,85 

035 

18. 

.95 

18. 

.68 

29. 

.07 

-3 

,45 

0 

,438 

134 

,38 

0 

,507 

133 

,82 

036 

31. 

.65 

18. 

.74 

30. 

.06 

-2 

,57 

0 

,438 

134 

,38 

0 

,313 

121 

,47 

037 

41 . 

.61 

1 . 

.09 

30. 

.46 

-1 

,47 

0 

,438 

134 

,38 

0 

,092 

171 

,95 

038 

27  . 

.22 

-13. 

.51 

30. 

.10 

-0 

,94 

0 

,438 

134 

,38 

0 

,338 

220 

,60 

039 

16. 

.40 

-10. 

.20 

29. 

.07 

-1 

,39 

0 

,438 

134 

,38 

0 

,523 

205 

,62 

040 

12  . 

.10 

-4  . 

.77 

27  . 

.86 

-2 

,27 

0 

,438 

134 

,38 

0 

,613 

191 

,57 

041 

10. 

.59 

-0. 

.  12 

26. 

.92 

-3 

,04 

0 

,438 

134 

,38 

0 

,650 

180 

,28 

042 

10. 

.24 

4  . 

.11 

26. 

.50 

-3 

,46 

0 

,438 

134 

,38 

0 

,662 

170 

,19 

043 

10. 

.83 

8. 

.24 

26. 

.74 

-3 

,76 

0 

,438 

134 

,38 

0 

,652 

160 

,41 

044 

12  . 

.54 

12  . 

.53 

27  . 

.48 

-3 

,83 

0 

,438 

134 

,38 

0 

,619 

150 

,18 

15 


045 

14.42 

15.12 

28.09 

-3.74 

0, 

438 

134.38 

0.584 

143.77 

046 

13.54 

16.68 

27.33 

-4.09 

0, 

438 

134.38 

0.610 

140.72 

047 

12.73 

15.39 

27.02 

-4.09 

0, 

438 

134.38 

0.624 

143.78 

048 

10.75 

10.96 

26.08 

-4 .18 

0, 

438 

134.38 

0.660 

154 . 17 

049 

9.72 

6.85 

25.43 

-3.97 

0, 

438 

134.38 

0.680 

163.80 

050 

9.49 

3.03 

25.42 

-3.42 

0, 

438 

134.38 

0.682 

172 . 82 

051 

9.85 

-0.99 

25.99 

-2.96 

0, 

438 

134.38 

0.671 

182.36 

052 

11 . 10 

-5.51 

26.94 

-2.33 

0, 

438 

134.38 

0.641 

193.20 

053 

14.30 

11.27 

28.23 

-1.41 

0, 

438 

134.38 

0.573 

207.46 

054 

22.90 

17.54 

29.42 

-0.84 

0, 

438 

134.38 

0.431 

226.44 

055 

43.25 

14.35 

30.17 

-1 . 14 

0, 

438 

134.38 

0.168 

253.54 

056 

47.58 

15.32 

30.08 

-2 . 14 

0, 

438 

134.38 

0.157 

90.07 

057 

26.75  : 

24.77 

29.33 

-3.28 

0, 

438 

134.38 

0.421 

115.31 

058 

14.66  : 

22.05 

26.96 

-4.48 

0, 

438 

134.38 

0.610 

129.22 

059 

22.76  : 

29.35 

28.38 

-4.21 

0, 

438 

134.38 

0.510 

110.90 

060 

46.57  : 

32.22 

29.40 

-3.20 

0, 

438 

134.38 

0.318 

77.63 

061 

68.03 

-7.03 

29.66 

-1.95 

0, 

438 

134.38 

0.164 

342 . 10 

062 

33.45 

28.01 

29.20 

-1.00 

0, 

438 

134.38 

0.370 

257.98 

063 

17.32 

19.59 

28.06 

-1.08 

0, 

438 

134.38 

0.543 

227 . 17 

064 

11.89 

11.75 

26.66 

-1 . 84 

0, 

438 

134.38 

0.633 

207 . 87 

065 

9.80 

-5.95 

25.27 

-2.63 

0, 

438 

134.38 

0.676 

194 . 10 

066 

8.96 

-1.51 

24.26 

-3.19 

0, 

438 

134.38 

0.696 

183.57 

067 

8.70 

2.34 

23.70 

-3.67 

0, 

438 

134.38 

0.704 

174.49 

068 

8.84 

5.88 

23.60 

-4.01 

0, 

438 

134.38 

0.703 

166.16 

069 

9.34 

9.65 

24.08 

-4.25 

0, 

438 

134.38 

0.695 

157.42 

070 

10.37  : 

13.70 

24.95 

-4.35 

0, 

438 

134.38 

0.677 

148.16 

071 

11.93 

17.58 

25.87 

-4.47 

0, 

438 

134.38 

0.651 

139.38 

Sample  Gt  Calc  File  SOURCE_PULL_JUN20.txt 

Number  R 

jX  Gt(Calc) 

GT (calc 

dB)  Gain(meas) 

Delta 

1  20.79 

8.78 

0.65 

-1 

.  84 

-1 . 82 

-0.02 

2  20.62 

11 . 91 

0.61 

-2 

.  14 

-2.09 

-0.05 

3  19.40 

9.31 

0.63 

-2 

.  02 

-2.03 

0.01 

4  19.80 

13.84 

0.58 

-2 

.40 

-2.38 

-0.02 

5  19.77 

13.83 

0.58 

-2 

.40 

-2.39 

-0.01 

6  17.92 

7.42 

0.63 

-2 

.00 

-2 . 00 

-0.00 

7  28.18 

9.86 

0.71 

-1 

.49 

-1.38 

-0.11 

8  20.57 

3.63 

0.72 

-1 

.42 

-1.43 

0.01 

9  16.31 

9.02 

0.58 

-2 

.36 

-2.39 

0.03 

10  18.20 

15.36 

0.53 

-2 

.73 

-2.73 

-0.00 

11  20.39 

16.74 

0.55 

-2 

.  61 

-2 . 61 

0.00 

12  19.81 

18.39 

0.52 

-2 

.  83 

-2 . 84 

0.01 

13  19.55 

18.34 

0.52 

-2 

.  85 

-2 .86 

0.01 

14  15.99 

13.04 

0.52 

-2 

.  82 

-2 . 82 

-0.00 

15  15.93 

6.71 

0.61 

-2 

.18 

-2 .18 

-0.00 

16  20.47 

1.47 

0.75 

-1 

.25 

-1 .16 

-0.09 

17  30.63 

6.51 

0.76 

-1 

.18 

-1.09 

-0.09 

18  28.63 

22.70 

0.57 

-2 

.45 

-2.39 

-0.06 

19  35.48 

8.38 

0.76 

-1 

.21 

-1 . 17 

-0.04 

20  25.77 

-1.51 

0.83 

-0 

.79 

-0.78 

-0.01 

21  17.19 

1.46 

0.70 

-1 

.53 

-1.59 

0.06 

22  14.26 

6.84 

0.57 

-2 

.45 

-2.51 

0.06 

23  14.06 

12.32 

0.49 

-3 

.  07 

-3.11 

0.04 

24  16.86 

18.09 

0.48 

-3 

.20 

-3.19 

-0.01 

25  19.16 

20.67 

0.49 

-3 

.  13 

-3.14 

0.01 

26  18.38 

23.34 

0.45 

-3 

.50 

-3.49 

-0.01 

27  18.18 

22 . 80 

0.45 

-3 

.48 

-3.43 

-0.05 

28  14.05 

17 . 61 

0.43 

-3 

.  66 

-3.58 

-0.08 

29  12.82 

11.80 

0.47 

-3 

.27 

-3.28 

0.01 

30  13.38 

6.25 

0.56 

-2 

.54 

-2.51 

-0.03 

31  15.62 

0.92 

0.68 

-1 

.  66 

-1 . 61 

-0.05 

32  22.91 

-4 . 13 

0.85 

-0 

.72 

-0.61 

-0.11 
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Mean 

0.08 


33 

36.83 

-1.38 

0.85 

1 

o 

CO 

LO 

o 

1 

1 

o 

1— ' 

34 

41 . 02 

19.01 

0.67 

-1.77 

-1.72 

-0.05 

35 

24.75 

30.08 

0.46 

-3.36 

-3.39 

0.03 

36 

43.00 

27 . 63 

0.59 

-2.26 

-2.24 

-0.02 

37 

48 . 06 

3.50 

0.79 

-1.00 

-0.85 

-0.15 

38 

28.48 

-9.01 

0.92 

-0.35 

-0.32 

-0.03 

39 

18 . 12 

-4 . 63 

0.80 

-0.94 

-1.07 

0.13 

40 

13.85 

1.21 

0.64 

-1 . 93 

-2 . 12 

0.19 

41 

12.20 

6.63 

0.52 

-2 . 82 

-2 . 97 

0.15 

42 

12.30 

11 . 60 

0.46 

-3.36 

-3.47 

0.11 

43 

12 . 84 

16.67 

0.41 

-3.82 

-3.83 

0.01 

44 

14 . 92 

22.24 

0.40 

-3.97 

-3.95 

-0.02 

45 

17 . 66 

25.09 

0.42 

-3.78 

-3.74 

-0.04 

46 

14.53 

27 . 14 

0.35 

-4.57 

-4 . 62 

0.05 

47 

14.75 

25.12 

0.37 

-4.31 

-4.24 

-0.07 

48 

13.12 

19.58 

0.39 

-4 . 08 

-3.92 

-0.16 

49 

11.55 

14.29 

0.41 

-3.86 

-3.77 

-0.09 

50 

11 . 04 

10.23 

0.44 

-3.52 

-3.49 

-0.03 

51 

11.56 

5.73 

0.52 

-2 . 87 

-2 . 80 

-0.07 

52 

13.05 

0.66 

0.63 

-2.01 

-1 . 94 

-0.07 

53 

16.10 

-5.28 

0.78 

-1.07 

-0.96 

-0.11 

54 

23.92 

-11.89 

0.94 

-0.28 

-0.22 

-0.06 

55 

44.04 

-14.34 

0.91 

-0.40 

-0.32 

-0.08 

56 

60.75 

15.73 

0.69 

-1 . 63 

-1.58 

-0.05 

57 

36.25 

37.28 

0.49 

-3.12 

-3.10 

-0.02 

58 

18.18 

35.06 

0.34 

-4 . 67 

-4.78 

0.11 

59 

31.32 

4  6.66 

0.39 

-4 .11 

-4 .18 

0.07 

60 

71 . 63 

40.41 

0.54 

-2 . 69 

-2.76 

0.07 

61 

69.65 

-21.16 

0.79 

-1 . 04 

-1 . 05 

0.01 

62 

31 . 05 

-24 . 68 

0.99 

-0.04 

0.04 

-0.08 

63 

18 . 08 

-13.97 

0.92 

-0.38 

-0.47 

0.09 

64 

13.36 

-6.00 

0.74 

-1.33 

-1.53 

0.20 

65 

11.22 

0.29 

0.58 

-2.34 

-2.52 

0.18 

66 

10.72 

5.03 

0.50 

-3.00 

-3.15 

0.15 

67 

10.34 

9.08 

0.44 

-3.58 

-3.64 

0.06 

68 

10.00 

13.61 

0.38 

-4.24 

-4.32 

0.08 

69 

10.83 

18.58 

0.35 

-4.57 

-4.55 

-0.02 

70 

11 . 69 

23.43 

0.33 

-4 .88 

-4.78 

-0.10 

71 

14.75 

29.67 

0.33 

-4.79 

-4 . 67 

-0.12 

21 . 95 

10.99 

0.59 

-2.49 

-2.48 

-0.01 
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Sample  power  sweep  on  thru.  Caleulated  Gt  is  -3.0. 

ITITLE; 

IHEADER;  GIN_INIT_GOUT_HIGH . SAT , Mon  Jun  05  14:15:07  2006 
! FREQUENCY:  40.020  GHz 

! Char . Impedances  =  Source:  50.00  Ohm,  Load:  50.00  Ohm 

ICOMMENT:  Freq=40 . 020 (GHz) ,  Gs=0.364  <Gs=172 . 6 (deg) ,  Gl=0.691  <G1=115 . 8 (deg) 
!GAMMA_SR:  Gslfo=0 . 364<172 . 6 (deg) 

!IMPED_SR:  Zslfo=23 . 38+j 2 . 54 
!GAMMA_LD:  Gllfo=0 . 691<115 . 8 (deg) 

!IMPED_LD:  Zllf 0=12 . 58+ j 2 9 . 91 
(Setup:  AA_SETUP.SET,  OUT  REF. 

! PreMatch : 

(XLABEL:  Pin [dBm] 


MES :  : 

ITS  : 

Pin [dBm]  Pout [dBm]  ( 

3ain[dB]  Igs [mA] 

Vgs  [V] 

Ids [mA] 

Vds [V]  Colec.Eff[%] 

P.A.Eff [%] 

P . Sourcel [dBm] 

20.31 

17.54 

-2 . 17 

-0.5760800 

-0.0001200 

0.000 

0.0000000 

0.00 

0.00 

-23.00 

22 .19 

19.10 

-2.49 

-0.5989800 

-0.0000800 

0.000 

0.0000000 

0.00 

0.00 

-21.00 

24.00 

20.68 

-2.72 

-0.6200000 

-0.0003200 

0.000 

0.0000000 

0.00 

0.00 

-19.00 

25.76 

22.31 

-2.85 

-0.5789400 

-0.0001600 

0.000 

0.0000000 

0.00 

0.00 

-17.00 

27.38 

23.81 

-2 . 97 

-0.5711800 

0.0001600 

0.000 

0.0000000 

0.00 

0.00 

-15.00 

28 . 82 

25.11 

-3.11 

-0.5844400 

-0.0001600 

0.000 

0.0000000 

0.00 

0.00 

-13.00 

29.99 

26.18 

-3.21 

-0.5643600 

-0.0001200 

0.000 

0.0000000 

0.00 

0.00 

-11.00 

30.89 

27.24 

-3.05 

-0.4736000 

-0.0002800 

0.000 

0.0000000 

0.00 

0.00 

-9.00 

31.53 

27 . 83 

-3.10 

-0.6120600 

-0.0003600 

0.000 

0.0000000 

0.00 

0.00 

-7.00 

31.84 

28.05 

-3.19 

-0.5863800 

-0.0003600 

0.000 

0.0000000 

0.00 

0.00 

-5.00 

Appendix  B.  Sample  Power  Sweep 
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Distribution  List 


ADMNSTR 

DEFNS  TECHL  INFO  CTR 

ATTN  DTIC-OCP  (EEECTRONIC  COPY) 

8725  JOHN  J  KINGMAN  RD  STE  0944 
FT  BEEVOIR  VA  22060-6218 

DARPA 

ATTN  IXO  S  WEEBY 
3701  N  FAIRFAX  DR 
AREINGTON  VA  22203-1714 

OFC  OF  THE  SECY  OF  DEFNS 
ATTN  ODDRE(R&AT) 

THE  PENTAGON 
WASHINGTON  DC  20301-3080 

US  ARMY  RSRCH  DEV  AND  ENGRG  CMND 
ARMAMENT  RSRCH  DEV  AND  ENGRG 
CNTR 

ARMAMENT  ENGRG  AND  TECHNETY  CTR 
ATTN  AMSRD-AAR-AEF-T  J  MATTS 
BEDG  305 

ABERDEEN  PROVING  GROUND  MD 
21005-5001 

US  ARMY  TRADOC 

BATTUE  FAB  INTEGRATION  &  TECHE 

DIRCTRT 

ATTN  ATCD-B 

10  WHISTEER  FANE 

FT  MONROE  VA  23651-5850 

PM  TIMS,  PROFIEER  (MMS-P)  AN/TMQ-52 
ATTN  B  GRIFFIES 
BUIEDING  563 
FT  MONMOUTH  NJ  07703 

SMC/GPA 

2420  VEEA  WAY  STE  1866 
EE  SEGUNDO  CA  90245-4659 

COMMANDING  GENERAE 
US  ARMY  AVN  &  MIS  CMND 
ATTN  AMSAM-RD  WC  MCCORKEE 
REDSTONE  ARSENAE  AE  35898-5000 

US  ARMY  INFO  SYS  ENGRG  CMND 
ATTN  AMSEE-IE-TD  F  JENIA 
FT  HUACHUCA  AZ  85613-5300 


US  ARMY  SIMUEATION  TRAIN  & 
INSTRMNTN  CMND 
ATTN  AMSTI-CG  M  MACEDONIA 
12350  RESEARCH  PARKWAY 
OREANDO  EE  32826-3726 

US  GOVERNMENT  PRINT  OFF 
DEPOSITORY  RECEIVING  SECTION 
ATTN  MAIE  STOP  ID  AD  J  TATE 
732  NORTH  CAPITOE  ST.,  NW 
WASHINGTON  DC  20402 

US  ARMY  RSRCH  FAB 
ATTN  AMSRD-ARE-CI-OK-TP  TECHE  FIB 
T  EANDFRIED  (2  COPIES) 

BEDG  4600 

ABERDEEN  PROVING  GROUND  MD 
21005-5066 

DIRECTOR 

US  ARMY  RSRCH  FAB 

ATTN  AMSRD-ARE-RO-EV  WD  BACH 

PO  BOX  12211 

RESEARCH  TRIANGEE  PARK  NC  27709 

US  ARMY  RSRCH  FAB 
ATTN  AMSRD-ARE-CI-OK-T 
TECHE  PUB  (  2  COPIES) 

ATTN  AMSRD-ARE-CI-OK-TE 
TECHE  FIB  (2  COPIES) 

ATTN  AMSRD-ARE-D  JM  MIEEER 
ATTN  AMSRD-ARE-SE-RE 
B  HUEBSCHMAN 
ATTN  IMNE-AEC-IMS 
MAIE  &  RECORDS  MGMT 
ADEEPHI  MD  20783-1197 
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